ABSTRACT: Coral reef cryptofauna, which live hidden within reef framework structures, are considered to be the most diverse group of coral reef metazoans. They likely comprise more biomass than all surface fauna, providing food sources for fishes and playing important roles as predators, herbivores, detritivores, filter feeders, and scavengers. In an era of global change, it is necessary to determine how these communities are structured across reef habitats as well as to understand how reef framework degradation will impact the cryptofauna and, by extension, ecosystem function. Artificial reef framework units were constructed from coral rubble to approxi mate framework substrates. Forty replicates were subjected to treatments of differing porosity, flow, and coral cover in a fully crossed ANOVA design. After 2 mo in situ, all motile cryptofauna (> 2 mm) were counted, weighed, and identified to the lowest possible level. A total of 11 309 specimens were collected, comprising >121 species from 6 separate phyla. Cryptofaunal abundances and biomass were higher in low-porosity crypts and biomass was greater in slow-flow environments, highlighting the importance of sheltered low-porosity habitats, such as back-reef rubble plains. The presence of live coral was not found to have a significant effect on the motile cryptofauna occupying the dead coral framework below it, suggesting a high degree of resilience in how frameworkdwelling fauna respond to coral mortality. These data support the assertion that artificial reefs are capable of facilitating the accumulation of a diverse cryptic community, independent of live coral, provided they contain suitably porous crypts.
INTRODUCTION
Coral reef cryptofauna (coelobites) are a diverse suite of organisms that live within the cavities and recesses of reef framework structures. In many reef ecosystems, cryptofaunal communities are more species rich (Reaka-Kudla 1997) and comprise greater biomass (Ginsburg 1983 , Richter et al. 2001 ) than both the epibenthos and nekton. Their members include ecologically important trophic groups such as suspension feeders (Richter & Wunsch 1999 , Scheffers et al. 2010 , predators (Reaka 1987 , Glynn 2006 , herbivores (Coen 1988) , and detritivores (Rothans & Miller 1991) . Cryptofauna are an important food source for fishes (Bakus 1966 , Vivien & PeyrotClausade 1974 , and have been shown to protect corals from predators (Glynn 1980 ) and the harmful effects of coral bleaching (Glynn 1983) .
Despite the importance of cryptofauna in coral reef ecosystems, the biological and environmental interactions that affect the life history and distribution of cryptofaunal populations are poorly understood relative to epibenthic reef communities (e.g. Done 1983 ). Previous studies aimed at determining the effects of substrate structure and porosity on cryptofauna have focused primarily on the associates of live coral. Numerous studies have shown a positive correlation between coral branch density and the abundance of sheltering motile cryptofauna (Kirsteuer 1972 , Edwards & Emberton 1980 , Vytopil & Willis 2001 . Similarly, Shirayama & Horikoshi (1982) found that coral morphology (e.g. massive vs. branching) was an important determinant of the composition of associated motile cryptofaunal communities. Although there appears to be a relationship between the structure of dead coral substrate and cryptofaunal community composition, direct causal connections are often complicated or obscured by extraneous factors (Hutchings & Weate 1977) . In a study of reefassociated invertebrates, many of which exhibited cryptic behaviors, Idjadi & Edmunds (2006) observed a positive correlation between topographic complexity and overall diversity, but not abundances of these taxa. In extreme cases, however, as when bioerosion has severely limited shelter availability, the abundances and biodiversity of cryptic fishes may be depressed (Glynn 2006) .
The effects of flow on cryptic reef populations are also poorly resolved and may be complicated by covariance with other environmental variables such as light and depth (Martindale 1992) . Flushing of cryptic habitats may play a crucial role in delivering food to cryptic sessile suspension feeders (Buss & Jackson 1981) and may facilitate settlement of cryptic biota from the water column. Recent evidence suggests, however, that fast-flow environments can be associated with higher turbidity that may ulti-mately be detrimental to sessile filterfeeding cryptofauna (Scheffers et al. 2010) . Additionally, exceptionally high current velocities, such as those experienced during storms, may disturb or even overturn cryptic shelters, to the detriment of their occupants (Gischler & Ginsburg 1996) .
There is some evidence that live coral substrates may support distinct species assemblages and elevated motile cryptofaunal biomass relative to dead coral substrates (Coles 1980 , Preston & Doherty 1990 , 1994 , Enochs & Hockensmith 2009 . Although live coral tissues may inhibit the penetration of endolithic bioeroders (Hutchings 1985 , Fonseca et al. 2006 ) and deter epilithic fauna sensitive to cnidae and mucus production (Kirsteuer 1969) , coral mucus may be beneficial to other members of the cryptofauna. Coral mucus, adhering organics, and other metabolic products of the coral provide an important source of nutrition to cryptofauna residing within live corals and reef sediments (McCloskey 1970 , Wild et al. 2004 . Enhanced food supply near live coral may explain the observed elevation of symbiont biomass in these areas (Stimson 1990) . Despite the putative relationship between cryptofaunal food supply and the presence of live coral, Idjadi & Edmunds (2006) found no significant relationship between percent coral cover and the abundance of reef-associated invertebrates. It is not clear, therefore, whether living coral truly elevates the biomass of metazoans inhabiting surrounding frameworks.
Replicate sampling of cryptofauna across environmental gradients is difficult and often impractical due to the hidden nature of cryptic biota, their close association with ecologically sensitive structural taxa, and their high variability across different reef microhabitats. Researchers have therefore employed artificial substrate structures made of either coral rubble (Peyrot-Clausade 1977 , Zimmerman & Martin 2004 , Glynn 2006 , Valles et al. 2006 , Takada et al. 2007 , 2008 or man-made materials (Zimmerman & Martin 2004) to understand the eco logy of motile coral reef cryptofauna. These techniques have allowed researchers to successfully study patterns of colonization (Peyrot-Clausade 1977 , Glynn 2006 , Valles et al. 2006 ) and succession of cryptic biota (Peyrot-Clausade 1977 , Takada et al. 2007 , as well as the role of sediment in structuring cryptofaunal community composition (Takada et al. 2008) .
The effects of flow, coral cover, and porosity have been shown to have significant impacts on many groups of reef biota (e.g. flow on coral cover, Geister 1977; coral cover on fishes, Bell & Galzin 1984 , Jones et al. 2004 ; and porosity on fishes, Holbrook et al. 2002) . We present the first study to experimentally investigate the effects of these parameters on communities of cryptic reef organisms.
MATERIALS AND METHODS
Two 20 × 20 m plots were located ~400 m apart at Playa Larga Reef (8°38' 0.75'' N, 79°1' 47.90'' W), Isla Contadora, Pearl Islands, Panamá (Fig. 1 ). The exposed northern site (Fig. 1a) was observed to experience higher water velocities than the southern site (Fig. 1b) . Paired mechanical flow meters (General Oceanics Model 2030R) were deployed at the SW corner of both sites <1 m above the reef surface for 24 h periods to corroborate this observation. Measurements were made during a period ranging from 10 d before to 7 d after new moon. Water flow was 11 times greater at the fast-flow site (x = 13.4 cm s ). Percent cover of live coral was high, but variable (low-flow site = 56.0%, SD = 16.5; fastflow site = 38.3%, SD = 21.35), consisting primarily of Pocillopora damicornis. Artificial reef framework units (ARFs) were constructed from a plastic mesh with openings of ~2.4 × 2.1 cm. Individual ARF units were held together with plastic cable ties to form open-topped cylinders, roughly 23 cm high and 28 cm in diameter (Fig. 2) . Each ARF 'basket' was tagged and randomly assigned treatment combinations of flow (fast vs. slow), porosity (high vs. low), and cover (live vs. dead coral), in a fully crossed design. To obtain ARF substrates, unconsolidated dead P. damicornis rubble was removed from disturbed sections of the Playa Larga reef, cleaned of large sessile macrobiota, and allowed to sun-dry for~1 wk. Rubble ranged in length from roughly 1 to 10 cm, with larger fragments exhibiting greater structural complexity and branching. High-and lowporosity treatments were assembled by completely filling each ARF with either large or small pieces of coral rubble, respectively. Because of the size and complexity of large rubble fragments, ARF units composed of large rubble pieces were less densely packed than those containing small, low-complexity rubble. Large rubble ARFs therefore contained volumetrically less rubble material, resulting in a greater amount of void space and higher porosity than those filled with small rubble. The volume of rubble within each ARF was measured a priori using volumetric water displacement, and the rubble composition of each ARF was adjusted so that replicate ARFs within each treatment were consistent prior to deployment. Twenty ARFs, including 10 replicates of each porosity treatment, were placed at both fast-and slow-flow sites (Fig. 1) . Within each site, ARFs were positioned according to randomly selected x-and y-coordinates across a 20 × 20 m grid and secured to rebar hammered into the substrate. Each ARF unit was randomly assigned to live or dead coral cover treatments, and large fragments of either live or dead Pocillopora damicornis, collected outside of the experimental plots, were affixed to the upper surface of the ARFs (~620 cm 2 ) with heavy-test monofilament line. During the course of the experiment, physical disturbance and partial removal of cover treatments was observed on 6 of the 40 ARF replicates; however, of these replicates, live and dead coral cover was still sufficient to include them in further analysis. Post hoc analysis of the ARF unit volumes between sites revealed a marginally significant difference (t-test, 2 tails, p = 0.04) in low-porosity treatments despite the overall high similarity of the ARFs (x = 76.2%, SD = 1.7; x = 58.2%, SD = 1.3, high and low porosity, respectively). Although natural variation in the volume of the ARF container (due to its flexibility) likely obscured the observed 2.66% lower mean porosity at the slow-flow site, the difference between sites was likely due to a single anomalously lowporosity replicate at the slow-flow site. This outlier was excluded from future statistical tests (ANOVA and PERMANOVA), in order to eliminate potential bias.
ARF units were deployed on September 22, 2008 and removed after ~2 mo in situ (collected between November 26 and December 2). During collection, live and dead cover treatments were removed underwater and returned to the reef. ARF units were then carefully placed in plastic buckets and quickly brought to the surface. Few metazoans were observed to escape during ARF collection, and those that did were noted. Seawater and ARF rubble was separated over a 2 mm mesh filter and all cryptofauna were removed from the surface of framework materials with forceps. Collected specimens were preserved in 70% EtOH.
Individual organisms were counted and identified to the lowest possible taxonomic level. Operational taxonomic units (OTUs), used for the calculation of diversity indices and multivariate analyses, are herein defined as unique taxonomic groups identified to the lowest possible level. Wet weights were recorded using an analytical balance and converted to ash-free dry weights (AFDW) according to Table S1 in the supplement at www.int-res. com/ articles/ suppl/ m438 p105_ supp. pdf. Specimens were assigned to trophic groups according to Table S2 in the supplement (abbreviations for those groups are: CG = carnivorous grazer; CM = carni vorous multiple strategies; CP = carnivorous pre dator; DD = detritivorous deposit feeder; HG = herbivorous grazer; OG = omnivorous grazer; OO = omnivorous opportunistic; SU = suspension feeder).
Treatment-specific abundance and biomass data for each taxon were compiled into 2 OTU-sample data matrices using MATLAB v7.0.1. Data matrices were loaded into the Plymouth Routines in Multivariate Ecological Research (PRIMER-E) with the PER-MANOVA+ software package (Anderson et al. 2008) . Two sub-matrices were formed from both the abundance and biomass data matrices by either filtering out non-OTUs or grouping all taxa into trophic groups irrespective of OTU status. Total abundances and biomass, 3 biodiversity metrics (OTU richness, Fisher's α, Shannon's H '[log e ]), and percent trophic group composition were calculated for each ARF. Univariate sample parameters were analyzed with SPSS v17.0 using a 3-way general linear model analysis of variance (ANOVA). Biomass data were log 10 transformed, and percent trophic group data were arcsine transformed in order to comply with the constraints of homoscedasticity and normality inherent in ANOVA.
Bray-Curtis similarity matrices were constructed from abundance and biomass data matrices after square-root transformation. Two-dimensional ordinations were constructed from OTU-sample abundance and biomass matrices using non-metric multidimensional scaling (nMDS), and dendrograms were created from group-averaged cluster analysis. In order to clearly differentiate treatments along axes explaining known amounts of variability, treatment centroids were also ordinated in 2-dimensional space using principle coordinate analysis (PCO) of OTU abundance and biomass data. The use of PCO in conjunction with nMDS clearly highlights the overall trends in the dataset which may be partially ob -scured by the data variance expressed in the nMDS ordination. The dimensionality of untransformed abundance and biomass data was reduced by consolidating taxa into trophic groups. The resulting data were square-root transformed and ordinated using PCO. Trophic group vectors were superimposed onto the Euclidian space of the PCO plots in order to investigate their linear (Pearson) correlation with the ordination axes. Permutational analysis of variance (PERMANOVA) was used to test the significance of the 3 treatments and their interactions on the multivariate datasets without the constraints of homoscedasticity and normality inherent in the MANOVA test (Anderson 2001). Pseudo F-ratios were computed from 99 999 permutations.
RESULTS

Taxa collected
A total of 180 OTUs were recognized, 121 of which were classified to the species level. These cryptofauna belonged to 6 phyla, 10 classes, 22 orders, 33 superfamilies, 83 families, and 118 unique genera. Of the 11 309 specimens collected, 10 297 individuals were assigned OTU status. The remaining 1012 individuals were included in abundance and biomass analyses, but were not used to compute diversity indices. Palaemonella spp., which accounted for 11.75% of all individuals collected, was the most abundant OTU. The 25 most abundant OTUs accounted for 87.37% of all cryptofauna identified in the present study (Fig. 3) and included 14 OTUs belonging to Crustacea, 5 Gastropoda, 2 Holo thuroidea, 2 Ophiuroidea, and 2 Polychaeta (Table S2) .
Porosity
Low-porosity frameworks had greater abundances and biomass of cryptofauna compared to highporosity frameworks (Tables 1 & 2) . Species richness was higher in the low-porosity treatments, but the other 2 diversity indices used in the present study (α, H ') indicated that there was greater biodiversity within high-porosity treatments. Table 2 . Univariate 3-way ANOVA p-values for treatments and treatment interaction effects on cryptofaunal abundance, biomass, biodiversity, and trophic composition (% dry biomass). Biomass values were log 10 transformed. Trophic groups were arcsine transformed. P-values for significant effects are in bold. ns: not significant; see Table 1 for acronym definitions PERMANOVA revealed that, in addition to influencing total community parameters, porosity significantly affected the relative abundances and biomass of cryptofaunal OTUs and trophic groups (Table 3) .
These patterns were also apparent in the nMDS and cluster analyses (Fig. 4) as well as PCO plots of treatment centroids (Fig. 5) , which each showed strong differentiation be tween porosity treatments. Communities associated with low-porosity ARFs were more similar to each other than those within high-porosity treatments (Fig. 4) . Although PCO of trophic group abundances shows clear differentiation between porosity treatments, the ordination of the biomass data is more difficult to interpret, likely due to the inherent variability in this type of data (Fig. 6 ). There were positive linear correlations between several trophic groups' abundances and the low-porosity ARFs (Fig. 6 ). This is not surprising con sidering the higher total abundances of crypto fauna observed in these treatments; however, the especially strong correlation of Table 3 . PERMANOVA p-values for treatment and interaction effects on the abundance and biomass of species and trophic groups. Analysis for species based on operational taxonomic units (OTUs) only. Analysis for guilds based on all taxa assigned to guilds, regardless of OTU status. All data sets were square-root transformed, and analysis was based on symmetrical Bray-Curtis similarity matrices. P-values were based on F-ratios constructed from 99 999 permutations. Significant results are indicated in bold. ns: not significant Fig. 4 . Two-dimensional non-metric multidimensional scaling (nMDS) plots of cryptofaunal operational taxonomic unit abundance (stress = 0.16) and biomass (stress = 0.18), with corresponding dendrograms constructed from Bray-Curtis similarity. Dashed enclosures and shaded regions in the nMDS plots represent 40 and 60% similarity, respectively. In the key, the letters represent (1) current (S: slow; F: fast), (2) porosity (L: low; H: high), and (3) coral cover (L: live; D: dead). All data were squareroot transformed CM and OO feeding groups (Fig. 6 ), coupled with their concomitant rise in prevalence in low-porosity treatments ( Table 2 ), suggests that these groups are especially sensitive to substrate porosity. With respect to the CM trophic group, this trend is primarily due to the distribution of the amphinomid polychaetes Pherecardia striata and Eurythoe complanata (Fig. 3) .
Flow
Both mean biomass and biomass per liter frameworks were significantly greater in the slow-flow environment; however, biodiversity was higher in fast-flow treatments (Tables 1 & 2) . Total OTU abundance and abundance per liter substrate were not significantly affected by flow. As with porosity, PER- Abundance and biomass plots explain 78.7 and 63.3% of the variation, respectively. Vector overlays represent linear Pearson correlations between the square-root-transformed biomass or abundance of a given trophic group and the ordination axes (Acronyms see Table 1 ). Vector length is proportional to the degree of correlation. Length equal to the radius of the circle corresponds to a correlation coefficient of 1.0. Key legend as in Fig. 4 . Data were square-root transformed and distances are based on Bray-Curtis similarity MANOVA indicated significant effects of flow on the community composition and the distribution of biomass among both OTUs and trophic groups (Table 3) . There was strong clustering of flow treatments in the nMDS (Fig. 4) and clear differentiation between slow-and fast-flow treatments in both the PCO plot of treatment centroids (Fig. 5 ) and the PCO plot of trophic group abundances (Fig. 6) . CM accounted for a significantly greater percentage of community biomass in slow-flow treatments, while CG, HG, and SU biomass were proportionally more important under fast-flow conditions (Table 2) . These trends were corroborated by correlations between flow treatments and trophic group vectors in the abundance plot of Fig. 6 . Percent DD biomass did not differ significantly across flow treatments, although there was a significant interaction effect of porosity and flow for this trophic group (Table 2) . PCO of trophic group abundances, however, showed that DD was strongly correlated with flow, independent of porosity. This correlation is largely due to the distribution of the numerically dominant Holothuria difficilis, which was conspicuously absent from the high-flow environment (Fig. 3) .
Interaction of porosity and flow
There were highly significant flow/porosity interaction effects on both multivariate OTU and trophic group abundances and biomass (Table 3) . These patterns were not observed for any of the univariate community parameters, with the exception of %SU and %DD (Table 2) . Interaction effects are, therefore, primarily related to community composition, rather than the combined abundance or biomass of all crypto faunal associates.
Evidence for the unique structure of cryptofaunal communities under combinations of flow and porosity treatments is apparent in the strong clustering of replicates as well as in the clear differentiation of permutations between these 2 treatments in the nMDS ordinations (Fig. 4) . In the PCO plots of biomass and abundance, slow-flow/low-porosity and fast-flow/high-porosity treatments are clearly separated along PC1, which explains the greatest amount of variation in the plot (Fig. 5) . Fast-flow/low-porosity and slow-flow/high-porosity treatments are poorly differentiated along PC1 and instead show separation along PC2.
The uniqueness of cryptofaunal communities associated with the fast-flow/high-porosity treatment is highlighted in the nMDS plots and corresponding dendrograms. Replicates within this treatment combination are clearly differentiated from all other combinations of flow and porosity. There is, however, higher variability among fast-flow/high-porosity replicates, as reflected by the wide separation of these cryptofaunal communities in the Euclidian space of the nMDS plot of abundance and, to a lesser extent, biomass. The PCO plot of trophic group biomass also indicates that cryptofauna living in open and fast-flow environments form unique communities (Fig. 6) . In this plot, PCO1, explaining 41.4% of total variation, shows differentiation of the fastflow/high-porosity treatment, while the remaining 3 flow/porosity treatment combinations are poorly separated in either PCO1 or PCO2.
Coral cover
Cover treatments did not significantly affect any of the measured community statistics or terminal biodiversity metrics (Table 2) . No significant effect of coral was observed in the PERMANOVA (Table 3) , and there was little differentiation between cover treatments in the nMDS (Fig. 4) or PCO plots (Figs. 5 & 6) . Together, these data suggest that cover did not influence relative species abundances within the ARF units. There was a marginally significant interaction effect of cover and flow on total cryptofaunal abundance (Table 2 ), but this was likely a Type I error (false rejection of the null), as the effects of both flow and cover were insignificant.
DISCUSSION
Determinants of community composition
This is the first study to experimentally examine the distribution of the motile cryptofauna across multiple environmental conditions. Recent work has highlighted the important roles that cryptic communities play in reef ecosystem function (e.g. Richter & Wunsch 1999 , van Duyl et al. 2005 , de Goeij & van Duyl 2007 , Scheffers et al. 2010 , Glynn & Enochs 2011 , but the majority of these studies have focused on sessile cryptofauna.
Framework porosity was an important determinant of community composition, and cryptofauna were most abundant in low-porosity treatments. This effect was likely due to the higher volume of rubble and, therefore, greater habitable surface area within the low-porosity ARF treatments. The standardiza-tion of community parameters to substrate volume provides a metric that is applicable to the loss of framework complexity, as it is independent of the quantity of substrate within each treatment. Indeed, cryptofaunal abundances (but not biomass) were significantly higher per volume substrate in the lowporosity treatments (Tables 1 & 2) , suggesting that, at intermediate levels, erosion of large intact framework fragments may lead to increases in cryptofaunal abundances.
The abundance of cryptofauna may be more closely related to surface area than to volume (Abele & Patton 1976 , Coles 1980 . Thus, the greater surface area of the low-porosity treatments may be responsible for the elevated abundances independent of volume. Vytopil & Willis (2001) explored the relationship between habitable surface area and volume in their investigation of cryptofauna inhabiting different species of living acroporid corals. Acropora species exhibiting greater surface area per colony volume sheltered more abundant and more species-rich communities of cryptofauna. Neither surface area nor interbranch volume, however, were independently correlated with abundances or species richness. In contrast, Coles (1980) found that surface area was the most important determinant of cryptofaunal community abundances and species richness on both live and dead coral substrates. Further inquiry is therefore necessary to determine the relationship between dead framework surface area, volume, and cryptofaunal abundances, though accurate surface area measurements of structurally complex interdigitating rubble fragments are difficult.
Elevated densities of cryptofauna in low-porosity crypts may have been the result of ecological processes unique to these habitats. For example, lowporosity framework may simply offer greater protection from predators than highly porous habitats (e.g. Vytopil & Willis 2001) . Cryptofauna, which often lack effective antipredatory morphologies, are likely restricted to these environments because of the high predation pressures on exposed reef surfaces (Bakus 1966) .
The elevated species richness in the low-porosity treatment may be due to higher abundances in lowporosity ARFs, resulting in greater numbers of observed species. Diversity indices that incorporate evenness (i.e. α, H') provide a less biased comparison between the 2 porosity treatments and are therefore better metrics of true biodiversity. These indices revealed higher diversity within high-porosity habitats, a pattern which may be attributed to various ecological processes. For example, reduced predation pressure may allow the proliferation of competitively dominant species in low-porosity crypts (Hutchinson 1941 , Levin & Paine 1974 or small void sizes in these habitats may restrict the movement/ occupation of larger/less agile taxa. Alternatively, niche diversity may be greater in high-porosity crypts (Hutchinson 1957 , Leviten & Kohn 1980 . More open environments allow greater light penetration and more access to suspended matter in the water column. Light and the presence of photosynthetic organisms are known to influence the composition of sessile cryptofaunal communities (e.g. Cinelli et al. 1977 , Wunsch et al. 2000 and correlate positively with the abundance of motile cryptic herbivores (Peyrot-Clausade 1989). Conversely, Navas and colleagues (1998) suggest that in some high light situations, algae may out-compete sessile taxa and thereby reduce overall biodiversity. In this study, however, algal cover was not observed to reach such an extreme and therefore was likely not a negative influence on community diversity.
Slow-flow environments are more conducive to the development and accumulation of cryptofaunal biomass than fast-flow environments. Abundances, however, were not significantly affected by flow, suggesting that over short time periods (~2 mo) flow may significantly influence mean body size of cryptofauna, but not the total number of individuals. Areas of low water flow often have high deposition or retention of sediment and organic matter (Nowell & Jumars 1984) . These organic deposits and bacteriarich sediments are an important food source to diverse deposit-feeding taxa (Glynn & Enochs 2011) . As a result, deposit feeders (DD) should have greater numbers and/or biomass in areas that experience less turbulence. Indeed, there was correlation between the DD trophic group and slow-flow treatments in the PCO plot of abundance, yet %DD biomass was not significantly greater in the slow-flow treatments of the present study. This suggests that some other factor, perhaps increased predation where water movement is reduced, controls the build-up of this group's biomass where their food source is most readily available.
Greater cryptofaunal abundances in slow-flow environments could be the result of current-or waverelated disturbance limiting the numbers of these taxa in fast-flow environments (Gischler & Ginsburg 1996) . It is unlikely that physical disturbance of the substrate was an important factor in this experiment due to the consolidated nature of the experimental units. In natural environments, however, substrate mobility may disturb cryptofauna, which could result in even stronger effects of flow than those observed in the present study.
Decreases in herbivorous taxa in slow-flow treatments may be due to increased sediment accumulation, as sedimentation can inhibit algal growth (Airoldi & Virgilio 1998) . Furthermore, lower proportions of suspension feeders in the slow-flow environments may be a result of limited food availability (Buss & Jackson 1981) or due to sediments clogging the filter apparatus (Rhoads & Young 1970) . Scheffers et al. (2010) , however, observed positive correlation between flow and turbidity in framework cavities and hypothesized that elevated turbidity restricted filter-feeding cryptofauna in fast-flow environments. Though the fauna in the Scheffers et al. (2010) study are sessile and inhabit reef cavities that are structurally distinct from those in the present study, the apparent incongruity of patterns observed in their study with those observed in ours highlights the complexity of the relationship between flow, sediments, and the population structure of suspension-feeding cryptofauna. Further study is therefore necessary to determine taxon-specific tolerances and tease out the relationships between cavity structure, sediments, and flow.
Despite lower total abundances, cryptofaunal communities were more diverse in fast-flow environments. In these areas, there is likely a higher probability of settlement by rare species because the benthos experiences a greater volume of water transport across its surfaces (Palardy & Witman 2011) . Alternatively, greater flushing may have led to an increased abundance of sessile flora and fauna that may have otherwise been intolerant to the elevated sedimentation associated with slow-flow environments (Nowell & Jumars 1984) . Greater quantities and varieties of epilithic flora and fauna could have, in turn, supported a higher diversity of motile cryptofauna (Hutchinson 1957 , Leviten & Kohn 1980 . Although the effects of these processes are difficult to discern from the biomass PCO plot, the ordination of abundance data reveals that 5 trophic groups are positively correlated with fast-flow environments as opposed to only 3 groups that are positively correlated with slow flow. These results suggest that many trophic groups benefit from fast-flow conditions.
The interaction effects observed in the present study may be due to the inherent interrelatedness of porosity and flow in coral reef ecosystems. For example, the high density of low-porosity frameworks likely slows internal water flow relative to the surrounding environments. The occupants of low-porosity crypts in faster flow environments may therefore experience flow levels that are more similar to slowflow environments. Conversely, the occupants of high-porosity/fast-flow environments were subject to the full effects of the fast-flow conditions.
The overall greater biomass of certain taxa in the slow-flow environments could have been influenced by the higher coral cover in the benthic community of the slow-flow treatment site, as the percent of live coral cover there was 56% (±16.5 SD) versus 38% (± 21.4) at the fast-flow site. However, given that the presence/absence of living coral directly overlying the ARFs had no effect on the cryptic community below coupled with the high variability in this coral cover data, we hypothesize that the results are predominately due to the experimental treatments of porosity and flow.
Considering that 56 to 80% of coral mucus dissolves rapidly into surrounding seawater (Wild et al. 2004) , it is not surprising that the overlying coral cover of the experimental treatments had no effect on the cryptofaunal communities occupying the underlying framework. In calm and oligotrophic conditions, the role of mucus may be significant; however, most coral reef environments are likely too turbulent for live coral cover to have direct impacts on the biomass of cryptofauna in the frameworks immediately surrounding them. Coral tissues and mucus are undoubtedly an important source of nutriment for many reef organisms. It is likely, however, that they must either be consumed directly from a colony's surface by micro-and macrobiota (McCloskey 1970 , Enochs & Hockensmith 2009 ), or from the water column and interstitial spaces by microorganisms (Wild et al. 2004) . We hypothesize that the consumption of coral tissues or metabolic byproducts by cryptic metazoans is either extremely localized and limited to live colony surfaces (live coral associates) or, alternatively, that the nutritious impacts of corals are diffused across the reef in such a way that the majority of metazoans living in dead-frameworks adjacent to live corals are not conferred a trophic advantage over those in outlying areas. The results of our experiment therefore support the contention that, unlike live coral associates and symbionts (Caley et al. 2001 , Coker et al. 2009 ), motile cryptofauna inhabiting dead reef frameworks are not strongly influenced by coral mortality or distributed according to live coral cover (Idjadi & Edmunds 2006) .
The structure of the ARF units allowed lateral colonization in addition to migration through the surfacefacing treatment substrate (live vs. dead coral), as is often possible on partially disturbed reef areas. The present study did not, therefore, directly assess the potential for live coral to inhibit the penetration of cryptofauna into underlying dead frameworks. In habitats with large expanses of uninterrupted live coral cover, however, colonization of cryptofauna to reef frameworks may be limited to the reef surface and therefore require that potential occupants pass through live coral tissues to enter coral crypts. In these areas, potentially deterrent or defensive qualities of the coral tissues may restrict colonization (Kirsteuer 1969 , Hutchings 1985 , Fonseca et al. 2006 .
Implications for ecosystem responses to habitat degradation
The results of the present study provide important new insights into the spatial distribution of coral reef cryptofauna across environmental gradients and reef habitats, and also illustrate how cryptofaunal com munities respond to ecosystem degradation. Motile coral reef cryptofauna were shown to be more abundant and have greater biomass in low-porosity, slow-flow environments, similar to those of sheltered back-reef rubble plains or deep fore-reef rubble margins. Small broken coral fragments may be of equal or greater importance in sheltering these organisms than open, intact frameworks. Therefore, given the great importance of cryptofauna in supporting complex coral reef food webs (Glynn & Enochs 2011) , conservation efforts and management strategies designed to preserve ecosystem function and trophic pathways need to consider classically 'less important' reef habitats, such as eroded areas, which may not have high live coral cover.
Similarly, bleaching and mass coral mortality may not have large immediate effects on frameworkdwelling cryptofaunal abundances, biomass, and biodiversity, though some taxa will certainly be affected. Overall cryptofaunal abundances may even increase during bioerosion of reef framework structures, suggesting that the important food webs these taxa support may be maintained through ecological disturbance (Moran & Reaka 1988) . Fish abundances have also been shown to increase initially after bleaching events, because of increased abundances of herbivorous taxa (Garpe et al. 2006) . As with fishes (Garpe et al. 2006 , Graham et al. 2007 , habitat loss and extreme decreases in structural complexity over longer time periods will likely lead to the elimination of these cryptic communities and, by extension, other reef taxa that rely on them for food and for defense against predators.
Finally, these data suggest that reef structure, independent of live coral cover, is of paramount importance in supporting cryptofaunal communities. This conclusion has important implications for the efficacy of artificial reef habitats in maintaining reef ecosystem function in the absence of live coral. Artificial reefs have generally been shown to enhance the populations of commercially important fishes (Bohnsack & Sutherland 1985 , Claudet & Pelletier 2004 , but there has been some concern about the incomplete understanding of the biological functioning of artificial reefs (Bohnsack & Sutherland 1985) . Our results indicate that artificial reefs formed from materials similar to those in natural reef environments (e.g. rubble) are likely to support robust cryptofaunal communities provided that they are of sufficient structural complexity. These habitats may, in turn, contribute to enhanced fisheries production and provide a possible mechanism for the preservation of important reef biota in a time of pronounced coral reef degradation. 
